In an experiment with the BigRIPS separator at the RIKEN Nishina Center, we observed twoproton (2p) emission from 67 Kr. At the same time, no evidence for 2p emission of 59 Ge and 63 Se, two other potential candidates for this exotic radioactivity, could be observed. This observation is in line with Q value predictions which pointed to 67 Kr, among the three, as being the best new candidate for two-proton radioactivity.
67 Kr is only the fourth 2p ground-state emitter to be observed with a half-life of the order of a few milli-seconds. The decay energy was determined to be 1690 (17) keV, the 2p emission branching ratio is 37(14)%, and the half-life of 67 Kr is 7.4(30) ms.
PACS numbers: 21.10.-k Properties of nuclei, 23.50.+z Decay by proton emission, 29.30.Ep Charged-particle spectroscopy
Close to the valley of β stability, nuclear β decay, often associated with γ-ray emission, is the only decay mode possible. When moving closer to the limits of stability in both directions, the available decay energy, the Q value, increases at the same time as the binding energy of the excess particle decreases. Therefore, β-delayed particle (proton, neutron, or α-particle) emission becomes more and more likely. Close to the proton drip line, β-delayed one-, two-, and in particular recently three-proton emission have been observed [1] [2] [3] [4] [5] [6] .
In all these cases, the excess protons are still sufficiently bound that direct particle emission is not possible. However, when moving even further away from the line of stability, the protons are no longer bound by the strong nuclear force and the proton drip line is crossed. For slightly negative proton separation energies S p or S 2p , β + decay can still compete with direct one-or two-proton emission, however, with separation energies typically below -1 MeV, one-and two-proton emission dominates for odd-and even-Z elements, respectively. We underline here that for 2p radioactivity, the one-proton separation energy has to be positive. For odd-proton-number (odd-Z) elements, one-proton radioactivity is a well established decay mode and is observed for many nuclei between the tin and the lead regions [7] . This decay mode has been used to study the tunneling process, to determine the sequence of singleparticle levels beyond the proton drip-line, or to study the content of the nuclear wave function. One-proton radioactivity is a powerful tool to investigate nuclear structure beyond the limits of stability.
For even-Z and very light elements, the 2p emission process has a rather short half-life (of order 10 −21 s), typically the time of a nuclear reaction. For medium-mass nuclei, half-lives in the milli-second range have been observed (see e.g. [7, 8] ). The study of these nuclei started with the observation of 2p radioactivity in the decay of 45 Fe in experiments at GANIL [9] and GSI [10] , followed by the observation of 2p radioactivity in the decay of 54 Zn in an experiment at GANIL [11] . First evidence for 2p radioactivity of 48 Ni, based on a single event, was also obtained at GANIL [12] . Due to the implantation of the isotopes of interest in these experiments in silicon detectors, only the half-life, the 2p energy and the branching ratio for 2p emission could be observed. Nonetheless, this new decay mode was unambiguously identified by the absence of β radiation and the characteristics of the daughter decays after 2p emission for 45 Fe and 54 Zn. These discovery experiments were followed by the direct observation of 2p radioactivity by means of timeprojection chambers (TPCs) that allowed for an observation of the individual protons as well as the measurement of their energies and angles. The first of these experiments [13] (full analysis in [4] ) was conducted at the LISE3 separator [14] of GANIL, where seven 2p events of 45 Fe were observed in the Bordeaux TPC [15] . An experiment conducted at MSU with the Warsaw OTPC [16] allowed the authors to gather much higher statistics for this nucleus and thus perform the first nuclear structure studies. The experiments with 54 Zn [17] and 48 Ni [18] complete the studies conducted up to now of mediummass long-lived 2p emitters.
The comparison of experimental data with theoretical models has shown that, despite the limited statistics in many experiments and the shortcomings of the theoretical models presently available, first nuclear structure observables like the occupancy of orbitals could be extracted to some extent. Therefore, with improved experimental precision and new theoretical approaches, 2p radioactivity will potentially be a unique tool for nuclear physics beyond the proton drip line.
From mass and Q value predictions [19] [20] [21] [22] [23] from "local" mass models, it was shown that 59 Ge, 63 Se, and 67 Kr would be the next candidates for 2p radioactivity. Although the theoretical error bars were quite large (more than 200 keV for some of them corresponding to a difference of about two orders-of-magnitude in Coulomb barrier penetration half-life), it was clear that 67 Kr would probably be the best candidate for 2p radioactivity (see figure 1 ) if one extrapolates from the measured Q values. One should keep in mind that higher Q values lead to shorter 2p half-lives and therefore to an increase of the 2p branching ratio compared to β decay.
We used the BigRIPS separator [24, 25] of the RIKEN Nishina Center to produce the isotopes of interest via the fragmentation of a high-intensity (up to 250 pnA)
78 Kr beam at 345 MeV/u. This beam impinged on a beryllium production target (thicknesses of 5 mm and 7 mm for different settings). The fragments were separated and selected by BigRIPS according to their magnetic rigidity, their energy-loss in two aluminum degraders (2 mm at focal plane F1 and 2 mm at F5). The fragments of interest were identified by the BigRIPS standard detection set-up consisting of a series of plastic scintillators, multi-sampling ionization chambers and parallelplate avalanche counters. Details of the identification procedure can be found in a recent paper [26] .
The fragments thus selected and identified were transmitted to the exit of the ZeroDegree Spectrometer (ZDS) [25] where a set-up for decay studies was installed. It consisted of the WAS3ABi double-sided silicon strip detector (DSSSD) array [27] for implantation and detection of charged particles and the EURICA germanium detector array [28] . WAS3ABi consisted of three 1 mm thick DSSSD with 60 vertical (X) and 40 horizontal (Y) strips with a pitch of 1 mm. The gain was adjusted to a full range of about 5 MeV for the X strips and 10 MeV for the Y strips. WAS3ABi was calibrated in energy by means of conversion electrons from a 207 Bi source, and by the known β-delayed proton emitters 57 Zn, 61 Ge, and 65 Se produced in the present experiment. It had a resolution of 25 keV (FWHM) in X and 30 keV in Y.
EURICA is an array of 12 former EUROBALL cluster germanium detectors, each cluster detector containing seven crystals. It was mounted in close geometry around WAS3ABi and had a full-energy efficiency of about 8% at 1.3 MeV. EURICA was calibrated with standard γ-ray sources.
In the present experiment, BigRIPS was optimized for four different settings relevant to the present work: (i) a setting on 51 Ni for WAS3ABi calibration, (ii) a setting on 65 Br to produce proton-rich nuclei notably 59 Ge, 63 Se, and 67 Kr, (iii) a setting on 64 Se to study its decay characteristics, and (iv) a setting on 62 Se to search for the new isotopes 58 Ge and 62 Se (see [26] for details). In Table I we give the numbers of nuclei identified at the exit of BigRIPS (focal plane F7), at the exit of the ZDS (F11), and of those implanted in the WAS3ABi array. From the measured sum, we obtain a transmission of 95% between the exit of BigRIPS and the exit of the ZDS. As the thickness of WAS3ABi was not enough to stop all fragments of interest, the matter layers at the exit of the ZDS were modified throughout the experiment to optimize the implantation of particular nuclei in the 3 mm thick WAS3ABi array. The number of nuclei implanted in WAS3ABi was only about 50% of those identified. The correlation between events in BigRIPS, WAS3ABi and EURICA was made by a common time stamp with a frequency of 10 8 Hz. Each of the WAS3ABi strips was read out by a single electronic channel. With the gain settings mentioned above, it is evident that the electronics was saturated by implantation events. Moreover, not only the implantation strip saturated, but also the neighboring strips. On average, 3.4 (4.3) strips were saturated on the X (Y) side for each implantation. However, each strip was also equipped with a timing channel that allowed the determination of the strip that fired first. The strip in which the implantation really took place is the fastest strip to fire. Therefore, the strip of implantation could be found by this means [27] .
These implantation events in WAS3ABi were finally correlated in time with decay events taking place in the same strips where the implantation events were observed. This correlation allows one to establish decay-energy and time spectra for each nucleus. A similar time correlation was performed with events in EURICA running with a third independent data acquisition system. The WAS3ABi dead time was determined with scalers for free and accepted triggers to be 22(2)%. The dead time per event that governs the percentage of events lost for short half-lives, when the data acquisition is still treating an implantation event while the decay takes place, was about 1.5 ms.
In the following, we will discuss the results obtained for 59 Ge, 63 Se, and 67 Kr. Fig. 2 shows the isotopes implanted in WAS3ABi for the setting on 65 Br for which the correlation between implantation and decay could be performed.
The results obtained for the decay-energy spectra of the three nuclei as well as their decay-time curves are shown in Fig. 3 . In our experiment, 59 Ge was mainly stopped in the third DSSSD, 63 Se in the second, and 67 Kr, due to its shorter range, in the first DSSSD. Fig. 3a shows all decay events correlated in time (t < 100 ms) and position with a 59 Ge implantation (in blue) and those in coincidence with β particles in neighboring detectors (in red). The decay energies are distributed over a wide range. In particular, at low energies around 1.5-2.0 MeV no pronounced peak is observed. This in- dicates that 59 Ge does not decay via a significant 2p branch, the upper limit being 0.2%, if we assume that all events but one come from β-delayed decays. All regions of the spectrum are in coincidence with β particles and the number of β-coincident events is in agreement with a β detection efficiency of about 65%.
From the expected energy, the pronounced structure around 6.5 MeV could originate from a β2p branch via the isobaric analogue state in 59 Ga. But the present observation is certainly too vague to attribute this peak to a β2p decay. The half-life of 59 Ge was determined by correlating the implantation of this nucleus with subsequent decays (Fig. 3b) . A fit of decay events with an energy larger than 1 MeV (to cut events with only a β particle) with an exponential and a constant background yields a half-life value of 13.3 (17) ms. This is close to the β-decay half-life predicted by the Gross Theory [29] of 10.9 ms and is indicative of a β-decay dominated disintegration.
The results for 63 Se are similar (Fig. 3c,d ). The decay energies are again distributed over a large energy range with very little structure. In the region of a possible 2p radioactivity a peak with four counts is visible. However, three of these events are in coincidence with β particles detected in neighboring counters. The half-life, T 1/2 = 13.2(39) ms, is close to the Gross Theory value of 13.4 ms, indicative of the decay being dominated by β decay. The 2p branch has an upper limit of 0.5% for this nucleus.
The decay-energy spectrum of 67 Kr is different from those of 59 Ge and 63 Se in that it exhibits a peak with nine events at low energy in the region where a 2p radioactivity peak would be expected. The peak is at E = 1690(17) keV (standard deviation of the counts of 16 keV, systematic uncertainty due to energy calibration 5 keV) and we will show in the following that it indeed comes from 2p radioactivity of 67 Kr. The halflife is 7.4(30) ms as determined from all decay events for 67 Kr including daughter decays. Therefore, only the 2p , and 67 Kr (e, f) with on the left-hand side the charged-particle energy spectra and on the right-hand side the decay-time distributions of these nuclei. For the charged-particle spectra, we show, in blue, all decay events and, in red, those decay events which are in coincidence with β-decay particles detected in neighboring detectors. The peak at 1690 keV for 67 Kr is due to 2p radioactivity. The inset in part (f) is the half-life of 67 Kr determined from the events in the 1690 keV peak. For all half-life fits we excluded the first 3 ms due to dead-time losses and used only events with an energy above 1 MeV.
daughter nucleus,
65 Se, contributes with a 2p branching ratio of 37 (14)% (see below). If we use only the events with a decay energy in the 1690 keV peak, the procedure of K.-H. Schmidt [30] yields 5.9 +3.0 −1.5 ms when a correction for a 1.5 ms dead-time is applied. Similarly, a maximumlikelihood fit of the spectrum conditioned by the 2p peak gives 6.5(33) ms. These values may be compared to the Gross Theory prediction of 11.1 ms. The fact that the experimental half-life is shorter than the theoretical β-decay half-life indicates already that the decay of 67 Kr proceeds most likely, as in the cases of 45 Fe, 48 Ni, and 54 Zn, via both decay channels, 2p radioactivity and β-delayed charged-particle emission.
The number of 2p decays observed has to be corrected for dead-time losses. As mentioned above, a general loss factor of 22(2)% comes from the dead time of the WAS3ABi data acquisition system which leads to a corrected number of 2p decays of 11.5(39). However, as the data acquisition system has a dead-time of 1.5 ms while it deals with an implantation event, we have 100% losses for the decay events arriving during this time span. This has little effect for decays with long half lives but leads to significant losses of decay events for short-lived activities such as 67 Kr. The correction factor amounts to 13 +8 −3 % in the present case. With these corrections we determine a total number of 2p decays that we would have observed without losses of 13.3(45) events. With the number of implantations, we determine thus a 2p branching ratio of 37 (14)% yielding a partial 2p half-life of 20 (11) ms. In order to investigate the nature of the 1690 keV peak, we searched for β-decay radiation in neighboring detectors in coincidence with this peak. No signal above the pedestals was found. Fig. 3e shows, in red, the first decay events of 67 Kr which are in coincidence with β radiation in neighboring detectors. No event in the peak region fulfils this condition. If we generate a spectrum of the signals in all neighboring detectors for decay events of 67 Kr other than the 1690 keV peak, we obtain the blue spectrum in Fig. 4 . We overlay this spectrum with the β-decay radiation observed for 61 Ge, a known βp emitter, under similar conditions. Both spectra have the same shape. For an implantation in a given DSSSD, we determined the β detection efficiency for the two other DSSSD to be 53(1)%, 92(1)%, and 51(1)% for an implantation in DSSSD1, DSSSD2, and DSSSD3, respectively. For 67 Kr (6 2p events in DSSSD1, 3 in DSSSD2) this yields a β detection efficiency of 67(1)%. Therefore, the probability that the events in the 1690 keV peak have a β particle in coincidence and we miss all of them in our set-up is as small as 5.5×10 −6 . We also checked the signals from EURICA. No 511 keV annihilation or other photon was observed in coincidence with the 1690 keV peak. As for a 511 keV γ ray we had an efficiency of 12 %, we derive a probability of 8.5 % to miss all γ rays from positron annihilation.
We have accumulated sufficient evidence to claim that 67 Kr is a new ground-state two-proton emitter: (i) the experimental 2p decay energy of 1690 (17) keV is well within the range of theoretical prediction (see Fig. 1). (ii) the half-life is shorter than the predicted β-decay half-life from the Gross Theory. (iii) no β or γ radiation is observed in coincidence with the 1690 keV peak, whereas this radiation is observed in coincidence with other decays of 67 Kr. From the plot in the paper of Grigorenko et al. [31] , we determine a three-body half-life of 13.5 s for the f configuration and 0.28 s for the p 2 configuration for an energy of 1.690 MeV. So, even if we assume a pure p 2 decay with a calculated half life of 0.28 s, the experiment is a factor of almost 40 shorter.
The shell model provides a good description of the nuclei in this mass region. With effective charges of e p =1.5 and e n =0.5 used for other pf shell nuclei [32] − final state. The two-nucleon transfer amplitudes (TNA) for 2p decay were calculated in a 1p − 0f shell-model space with the GXPF1A Hamiltonian [33] . The configurations allow for up to two proton or neutron holes in the 0f 7/2 orbital. The calculated two-proton transfer amplitudes are 0.156 for the 0f 7/2 , 0.820 for the 0f 5/2 , 0.419 for the 1p 3/2 and 0.371 for the 1p 1/2 configurations, respectively.
The fractionation between p and f orbitals indicates that the one-orbital model of Grigorenko et al. [31] is incomplete. A more complete model should include the shell-model TNA that would take into account the two nucleon correlations. It is well known that the pairing correlations contained in the TNA strongly enhance the cross sections for two-nucleon transfer [34] .
In summary, we have studied the decays of 59 Ge, 63 Se, and 67 Kr. In the case of the first two nuclei, a continuous decay-energy spectrum was observed indicative of a β-delayed decay scheme. In the case of 67 Kr, the decayenergy spectrum exhibits a peak at 1690 keV which fulfils all of the criteria for 2p emission we could impose. It results in a 37(14)% 2p branch in the decay of 67 Kr. The present result opens the way for a detailed study of the 2p radioactivity of 67 Kr with a time-projection chamber. Such a study which would yield angular and energy correlations for the two protons emitted may shed light on the structure of 67 Kr. In particular, it might evidence the influence of deformation on the 2p emission process and explain why the experimental half-life is much shorter than the shortest prediction from the Grigorenko model. However, to fully profit from such kinds of experimental results, theoretical models which include configuration mixing and deformation need to be developed.
